Harber MP, Konopka AR, Undem MK, Hinkley JM, Minchev K, Kaminsky LA, Trappe TA, Trappe S. Aerobic exercise training induces skeletal muscle hypertrophy and age-dependent adaptations in myofiber function in young and older men. J Appl Physiol 113: 1495-1504, 2012. First published September 13, 2012 doi:10.1152/japplphysiol.00786.2012.-To examine potential age-specific adaptations in skeletal muscle size and myofiber contractile physiology in response to aerobic exercise, seven young (YM; 20 Ϯ 1 yr) and six older men (OM; 74 Ϯ 3 yr) performed 12 wk of cycle ergometer training. Muscle biopsies were obtained from the vastus lateralis to determine size and contractile properties of isolated slow [myosin heavy chain (MHC) I] and fast (MHC IIa) myofibers, MHC composition, and muscle protein concentration. Aerobic capacity was higher (P Ͻ 0.05) after training in both YM (16 Ϯ 2%) and OM (13 Ϯ 3%). Quadriceps muscle volume, determined via MRI, was 5 Ϯ 1 and 6 Ϯ 1% greater (P Ͻ 0.05) after training for YM and OM, respectively, which was associated with an increase in MHC I myofiber cross-sectional area (CSA), independent of age. MHC I peak power was higher (P Ͻ 0.05) after training for both YM and OM, while MHC IIa peak power was increased (P Ͻ 0.05) with training in OM only. MHC I and MHC IIa myofiber peak and normalized (peak force/CSA) force were preserved with training in OM, while MHC I peak force/CSA and MHC IIa peak force were lower (P Ͻ 0.05) after training in YM. The age-dependent adaptations in myofiber function were not due to changes in protein content, as total muscle protein and myofibrillar protein concentration were unchanged (P Ͼ 0.05) with training. Training reduced (P Ͻ 0.05) the proportion of MHC IIx isoform, independent of age, whereas no other changes in MHC composition were observed. These data suggest relative improvements in muscle size and aerobic capacity are similar between YM and OM, while adaptations in myofiber contractile function showed a general improvement in OM. Training-related increases in MHC I and MHC IIa peak power reveal that skeletal muscle of OM is responsive to aerobic exercise training and further support the use of aerobic exercise for improving cardiovascular and skeletal muscle health in older individuals. sarcopenia; physical activity; elderly; endurance; V O2 max PRIMARY AGING IS ASSOCIATED with reduced functional capacity, which is likely attributed to deterioration of aerobic capacity and loss of muscle mass. Physical activity is routinely recommended to attenuate the loss in physical function with aging; therefore, the development of efficient and effective exercise interventions is of high importance. While the benefits of aerobic exercise on cardiovascular and metabolic health for older adults have been well described (6), the influence of this exercise mode on skeletal muscle mass and function is less understood. Reports on the influence of aerobic exercise training on muscle mass in older adults have been equivocal, with some finding no influence (24, 45, 46, 52), but several others observing significant whole muscle hypertrophy (19, 27, 29, 42) . The discrepancy in the literature is likely due to variations in exercise program characteristics and subject populations.
PRIMARY AGING IS ASSOCIATED with reduced functional capacity, which is likely attributed to deterioration of aerobic capacity and loss of muscle mass. Physical activity is routinely recommended to attenuate the loss in physical function with aging; therefore, the development of efficient and effective exercise interventions is of high importance. While the benefits of aerobic exercise on cardiovascular and metabolic health for older adults have been well described (6) , the influence of this exercise mode on skeletal muscle mass and function is less understood. Reports on the influence of aerobic exercise training on muscle mass in older adults have been equivocal, with some finding no influence (24, 45, 46, 52) , but several others observing significant whole muscle hypertrophy (19, 27, 29, 42) . The discrepancy in the literature is likely due to variations in exercise program characteristics and subject populations.
Our laboratory recently reported that 12 wk of aerobic exercise training improved aerobic capacity and drastically increased whole muscle mass in older women (19, 27) . These robust adaptations were associated with improved whole muscle power production, myosin heavy chain (MHC) I myofiber contractile function, and an increase in MHC I protein composition (19, 27, 28) . The alterations in myofiber contractile physiology were consistent with previous reports in young subjects after aerobic training (50) , aerobically trained athletes (17) , and run-trained rodents (41) ; however, the observed change in myofiber contractile properties in concert with whole muscle hypertrophy was unique. These findings revealed that a single-mode exercise program (i.e., cycle ergometry) significantly improved aerobic capacity and muscle mass, marking it as an efficient exercise intervention for cardiovascular and muscle health. However, because these studies were conducted only in older women, it cannot be determined if these responses are age and/or sex specific. Therefore, the purpose of the present investigation was to examine the influence of aerobic exercise training on whole muscle and single myofiber size and contractile function in healthy, untrained young (YM) and older men (OM).
MATERIALS AND METHODS

Subjects
Thirteen men, seven YM and six OM, volunteered to participate in this investigation (Table 1) . Each young subject provided a detailed medical history, and each older subject underwent a thorough physical examination, which included a blood chemistry profile, pulmonary function test, and resting and exercise electrocardiograms. Subjects were excluded based on the following criteria: 1) body mass index Ն28 kg/m 2 ; 2) type 1 or type 2 diabetes; 3) uncontrolled hypertension; 4) active cancer, cancer in remission, or having received treatment for any form of cancer in the previous 5 yr; 5) coronary artery disease; 6), cardiovascular disease (e.g., peripheral arterial disease, peripheral vascular disease); 7) abnormal thyroid function; 8) engaged in regular aerobic or resistance exercise more than one time per week for 20 min or longer during the previous year; 9) chronic and/or regular nonsteroidal anti-inflammatory drug consumption; and 10) any condition that presents a limitation to exercise training (e.g., severe arthritis, chronic obstructive pulmonary disease, neuromuscular disorder, moderate or severe cognitive impairment, Alzheimer's disease, vertigo, dizziness). Four OM were on cholesterol-lowering medications (i.e., statins), three were on blood pressure medications (non-␤-blocker), and five were on medications for prostate health. Written, informed consent was obtained from each subject for all procedures following approval by the Institutional Review Board of Ball State University.
General Study Design
Eligible volunteers underwent a series of baseline measurements for the determination of aerobic capacity using a graded exercise test on a cycle ergometer, whole muscle volume assessed with magnetic resonance imaging, whole muscle function (i.e., power) of the knee extensor muscle group, and a muscle biopsy procedure for the assessment of single-muscle fiber size, contractile mechanics, and protein morphology. Upon completion of the baseline measurements, subjects performed 12 wk of progressive aerobic exercise training. Following the training intervention, all subjects repeated the testing procedures that occurred at baseline.
Experimental Procedures
Aerobic capacity/graded exercise test. Subjects performed a graded exercise test for the assessment of aerobic power (V O2max) before and after the 12-wk aerobic training intervention. Older subjects performed the physician supervised test on an electronically braked cycle ergometer (SensorMedics Ergometrics 800) beginning at a very low workload (ϳ10 W), and the workload was progressively increased 10 W in 1-min stages until exhaustion with a total test time of 10 -12 min. During the test, subject's heart rate, blood pressure, rating of perceived exertion, and electrocardiogram were monitored, and ventilation and expired air samples were measured by a metabolic cart (TrueOne 2400 Metabolic System, ParvoMedics) for the determination of O 2 uptake.
Young subjects performed the test on an electronically braked cycle ergometer (Velotron; RacerMate, Seattle, WA). During the test, subjects performed a warm-up consisting of 2 min at 50 -100 W and 2 min at 100 -150 W. Thereafter, the workload was increased in 25-to 50-W increments every 2 min until respiratory exchange ratio reached ϳ1.0. Subsequent workloads were increased 25 W every minute until exhaustion. During the test, subjects= perceived exertion and heart rate were recorded and respiratory gases were measured with gas analyzers (Applied Electrochemistry, Ameteck S3A and CD3A).
Whole muscle volume/magnetic resonance imaging. Proton magnetic resonance images of the thigh were measured before and after the 12-wk aerobic training intervention using a Siemen's Symphony 1.5-T imaging system at standard settings (repetition time/echo time ϭ 2,000/9 ms) as our laboratory has previously described (19, 27) . Bilateral scans were obtained after 1 h of supine rest to avoid the influence of potential fluid shifts (1) . Subjects were positioned with an adjustable foot restraint for fixation of joint angles and thus muscle lengths. Contiguous, 1-cm interleaved serial scans were obtained from the head of femur to the articular surface of the femur. Magnetic resonance images were electronically transferred to a personal computer (Macintosh Power PC) and analyzed with National Institutes of Health Image software (version 1.60) using manual planimetry. Average muscle cross-sectional area (CSA) was taken as the average of each slice from the first distal image containing m. rectus femoris and the last proximal image not containing the gluteal muscle. The average CSA (cm 2 ) was taken as the average of all analyzed slices for the vastii (vastus lateralis, vastus medialis, vastus intermedius) and rectus femoris and summed for total quadriceps femoris. Muscle volume (cm 3 ) was calculated by multiplying the CSA by the slice thickness (8 mm) for all analyzed images. The same investigator made all measurements in a blinded fashion.
Skeletal muscle function. Peak power of the knee extensor muscle group was assessed before and after the 12-wk aerobic training intervention using an inertial ergometer (Inertial Technology) connected to a strain gauge load cell and potentiometer interfaced with a personal computer (Gateway E-4200) (19, 27) . Following multiple orientation sessions to become familiar with the knee extensor device, subjects performed three identical sessions separated by at least 2 days. Before any testing, subjects performed a 5-min warm-up on a stationary bicycle at a self-selected intensity, as well as stretching exercises of the lower limbs followed by small loads on the resistance apparatus. Subjects completed three maximal attempts with 3-min rest between attempts. The highest concentric power output recorded throughout the full range of motion was used for data analysis.
Muscle biopsy procedure. Percutaneous needle biopsies were obtained from the vastus lateralis muscle according to the methods of Bergstrom (2) before and after the 12-wk aerobic training intervention. The muscle specimen was immediately divided into longitudinal sections, dissected free of adipose and connective tissue, frozen in liquid nitrogen, or processed for single muscle fiber physiology, as described below. Posttraining muscle biopsies were obtained 48 h after the last exercise session.
Aerobic exercise training protocol. Subjects performed 12 wk of aerobic exercise training on cycle ergometer (Monark Ergomedic 828E). Exercise intensity was standardized among subjects, relative to their maximal aerobic capacity, by utilizing the heart rate reserve method, as our laboratory has previously described (19) . The ergometer workload was adjusted in order for subjects to maintain target heart rate, and subjects exercised at an average pedal frequency between 65 and 85 revolutions/min (RPMs). A total of 42 exercise sessions were performed. Duration (20 -45 min), intensity (60 -80% heart rate reserve), and frequency (3-4 sessions/wk) of exercise were progressively increased throughout the 12 wk to optimize the training response. The last 5 wk of the exercise program consisted of four 45-min sessions at 80% intensity per week. The training program was identical to the protocol our laboratory has previously used in older subjects (19, 27, 28) , and a detailed outline of the training program has been previously published (28) . Each exercise session was monitored in its entirety by a member of the investigative team to ensure that the prescribed exercise intensity and duration were obtained. Additionally, subject's body weight was measured and recorded before each exercise session (3-4 times/wk), and subjects were counseled, if necessary, to make modifications in dietary intake to maintain body weight.
Single-fiber physiology studies. A bundle of muscle fibers was placed in cold skinning solution for the determination of contractile properties. The skinning solution contained the following (in mM): 125 potassium propionate, 2.0 EGTA, 4.0 ATP, 1.0 MgCl 2, 20.0 imidazole (pH 7.0), and 50% (vol/vol) glycerol. Fibers were kept in this solution for a minimum of 1 day, but not longer than 4 wk (25) . Individual muscle fibers were analyzed for diameter, peak force (P o), shortening velocity (Vo), and power characteristics. Detailed descriptions and illustrations of these procedures have been presented in our laboratory's previous work (48, 49, 51) .
SINGLE FIBER SIZE. A video camera (Sony CCD-IRIS, DXC-107A) connected to the microscope and interfaced to a computer allowed viewing on a computer monitor and storage of the digitized images of the muscle fibers during the experiment. Fiber diameter was determined from a captured computer image taken with the fiber briefly suspended in air (Ͻ3 s). Fiber width (diameter) was determined at three points along the length of the captured computer image using public domain software (National Institutes of Health Image version 1.61) and averaged to provide a mean diameter measurement. Fiber CSA was determined from the fiber diameter with the assumption that the fiber forms a circular shape while suspended in air, as we have previously done (35, (47) (48) (49) 51) .
FORCE DETERMINATION (PO). Resting force was monitored with the fiber in pCa 9.0 solution, and then the fiber was maximally activated in pCa 4.5 solution. P o in milliNewtons was determined in each fiber by computer subtraction of the force baseline from the peak in the pCa 4.5 solution. Normalized force (Po/CSA) was determined from the relationship of Po and fiber CSA.
UNLOADED CONTRACTION VELOCITY DETERMINATION (VO). Fiber Vo was measured by the slack test technique, as described by Edman (11) . Briefly, the fiber was brought to peak tension and then rapidly shortened so that tension returned to baseline. The time between the onset of slack and redevelopment of tension (i.e., period of unloaded shortening) was measured by computer analyses. Four different slack distances (each Ͻ15% of FL) were used for each fiber and the slack length was plotted as a function of the duration of unloaded shortening. Velocity [fiber length (FL)/s] was calculated by dividing the slope of the fitted line by the fiber segment length, and the data were normalized to a sarcomere length of 2.50 m.
POWER DETERMINATION. Submaximal isotonic load clamps were performed on each fiber for determination of force-power parameters. Each fiber segment was fully activated and subjected to a series of three isotonic load steps, resulting in a total of 15-18 isotonic contractions. Po and Vo data points derived from the isotonic contractions were fit using the Hill equation (21) . Only individual experiments with r 2 Ն 0.98 were included for analysis. Fiber power was calculated from the fitted force-velocity parameters [P o, maximum velocity (V max), and a/Po, where a is a force constant]. Absolute peak power (N·FL·s Ϫ1 ) was defined as the product of force (in N) and V o (Vmax; in FL/s), while normalized power (W/l) was defined as the product of normalized force, (i.e., force/fiber CSA) and V o (Vmax; in FL/s).
MHC composition. Following the single muscle fiber physiological measurements, each fiber was solubilized in 80 l of 10% SDS sample buffer and stored at Ϫ20°C until assayed. Mixed-muscle homogenate MHC composition was determined from the isolated myofibrillar fraction (see below). To determine MHC composition, samples were run on a Hoefer SE 600 gel electrophoresis system that consisted of a 3.5% (wt/vol) acrylamide stacking gel with 5% separating gel at 4°C. Following gel electrophoresis, gels were silverstained, as described by Giulian et al. (14) . MHC isoforms were identified according to final relative migration position from the SDS-PAGE/silver staining. The myofibers were categorized as MHC I, IIa, IIx, I/IIa, I/IIa/IIx, I/IIx, and IIa/IIx. The relative proportion of the MHC isoforms (I, IIa, IIx) in the homogenates was determined by densitometry (FluorChem SP, Alpha Innotech).
Water content and protein concentration. The wet weight of muscle samples (ϳ10 mg) was determined on a precision microbalance at Ϫ35°C, and samples were then freeze-dried for 72 h. The dry weight of each muscle sample was then determined at Ϫ35°C. Muscle water content was determined from the difference in dry and weight wet for each muscle sample and expressed as percentage of initial wet weight. Each muscle sample was then homogenized in 40 volumes of cold buffer (250 mM sucrose, 100 mM potassium chloride, 20 mM imidazole, and 5 mM EDTA; pH 6.8) in a ground glass homogenizer. Samples were then centrifuged at 1,600 g for 30 min at 4°C. The pellet contained myofibrillar proteins and was washed once with 100 l of homogenizing buffer and once with 100 l of purified and deionized water, with each wash followed by centrifugation at 1,600 g for 20 min at 4°C. Myofibrillar proteins were dissolved by adding 150 l of 0.3 N NaOH to the remaining pellet, and insoluble proteins (i.e., collagen) were removed by centrifugation at 4,000 g for 20 min at 4°C (9). The resulting supernatant was used to determine myofibrillar concentration using the bicinchoninic acid assay (Thermo Scientific, Rockford, IL), with bovine serum albumin used as the protein standard, as our laboratory has previously performed (48) . Statistical analysis. Data are expressed as means and SE. Statistical significance for group means for all main outcome variables was assessed with a two-way (group ϫ time) ANOVA with repeated measures on time (pre and post). Training responses, expressed as absolute or relative (%) change, between groups were assessed using an unpaired t-test. Single muscle fiber physiology variables were averaged in a fiber-type-specific manner and pooled by subject for each group at each time point. The average of the subject means was used for statistical analysis. In the presence of a main effect, a Bonferroni post hoc analysis was performed to make pairwise comparisons. A P value of Ͻ0.05 (P Ͻ 0.05) was considered statistically significant.
PRE POST
RESULTS
Subject Characteristics and Exercise Compliance
Each subject completed all 42 exercise sessions for an exercise compliance of 100%.
Total mechanical work performed during the training protocol was approximately twofold higher (P Ͻ 0.05) in young (16,437 Ϯ 1,080 kJ) compared with older (8,831 Ϯ 463 kJ) subjects. Average cycling cadence (expressed as RPM) during the training period was higher (P Ͻ 0.05) in YM (81 Ϯ 1 RPM) compared with OM (70 Ϯ 1 RPM).
Aerobic Capacity
Significant (P Ͻ 0.05) main effects for time, group, and interaction were present for aerobic capacity (Table 1) . Aerobic capacity was higher (P Ͻ 0.05) in YM, and the training protocol increased (P Ͻ 0.05) aerobic capacity by 16 Ϯ 2 and 13 Ϯ 3% for the YM and OM, respectively. The absolute increase in cycling V O 2max was greater (P Ͻ 0.05) in the YM (0.5 Ϯ 0.1 l/min) compared with the OM (0.2 Ϯ 0.1 l/min).
Whole Muscle Volume and Function
A significant (P Ͻ 0.05) main effect for time was present for whole muscle volume, indicating that the training protocol increased whole muscle size, independent of age ( Table 1) . There were no differences (P Ͼ 0.05) in the absolute amount of muscle mass gain between groups. Peak power was greater (P Ͻ 0.05) in YM, and the training protocol did not influence (P Ͼ 0.05) knee extensor power in either group. Cycling peak power output during the graded exercise test was ϳ20% higher (P Ͻ 0.05) after training in both groups. Myofiber size. Aerobic training increased (P Ͻ 0.05) CSA of MHC I fibers, independent of age ( Fig. 1) . Training did not significantly (P Ͼ 0.05) influence MHC IIa fiber CSA. No differences were present between groups for either fiber type before or after training.
Single Muscle Fiber Physiology
Myofiber force production. P o for the MHC I fibers was not different (P Ͼ 0.05) between groups and was unaltered with aerobic training (Fig. 2 and Table 2 ). Normalized force production (P o /CSA) of MHC I fibers was higher (P Ͻ 0.05) pretraining in YM compared with OM and was reduced (P Ͻ 0.05) with training in YM only, such that no age-specific differences were present after training. P o of MHC IIa fibers trended (P ϭ 0.07) to be higher pretraining in YM compared with OM. Significant (P Ͻ 0.05) main effects for time and interaction were present for MHC IIa fibers, indicating that aerobic training reduced MHC IIa P o , which was due primarily to a reduction in YM. No age or training differences were noted for MHC IIa P o /CSA.
Myofiber contraction velocity. Maximum unloaded V o was not different (P Ͻ 0.05) between groups and was unaltered with aerobic training for both MHC I and MHC IIa fibers, although a trend (P ϭ 0.08; main effect for time) to increase V o for MHC I fibers was observed (Table 2) . V max was not changed in either fiber type with aerobic training.
Myofiber power. Aerobic training increased (P Ͻ 0.05) peak absolute power of MHC I fibers, independent of age ( Fig. 3 and Table 2 ). Peak power of MHC IIa fibers trended (P ϭ 0.08) to be higher in YM compared with OM pretraining. A significant interaction (P Ͻ 0.05) between groups revealed that aerobic training increased peak absolute power of MHC IIa fibers in OM only. Similarly, MHC I peak power normalized to cell volume trended (P ϭ 0.08) to be higher in YM compared with OM pretraining. A significant interaction (P Ͻ 0.05) between groups showed that aerobic training increased normalized power of MHC I fibers in OM only. Normalized power of MHC IIa fibers was not different (P Ͼ 0.05) between groups and was unaltered by the training program.
Force velocity parameters. a/P o , which describes the curvature of the force-velocity curve, and M, defined as the percentage of P o at which peak power occurs, were lower (P Ͻ 0.05; main effect for time) after training for the MHC I fibers. a/P o and M for MHC IIa fibers were not influenced by the training program.
Percent change with training for both fiber types for myofiber CSA, force, contraction velocity, and power production is presented in Fig. 4 , and comparison between groups (expressed as %difference from YM) is presented in Fig. 5 .
Muscle Myofibrillar Protein Concentration and Water Content
No differences were observed between groups or with training for total muscle protein or myofibrillar protein concentra- 
MHC Composition
The aerobic training program reduced (P Ͻ 0.05) the proportion of MHC IIx isoform, independent of age ( Table 3 ). The proportion of MHC IIa isoform displayed a trend (P ϭ 0.1) to be higher posttraining.
DISCUSSION
The primary goal of this investigation was to examine the influence of a progressive aerobic exercise training program on aerobic capacity, whole muscle and single muscle fiber size, and contractile function in YM (20 Ϯ 1 yr) and OM (74 Ϯ 3 yr). Our laboratory has previously reported that a similar training program elicited substantial muscle hypertrophy and robust improvements in muscle function in a cohort of older women (19, 27, 28) . The primary findings from the present study are that aerobic training 1) improved aerobic capacity in both YM and OM; 2) induced significant whole muscle hypertrophy independent of age; and 3) improved peak power production of isolated slow (MHC I) and fast (MHC IIa) myofibers in OM. These data are the first evidence that aerobic exercise training can improve MHC IIa myofiber contractile function in older individuals. These findings support our previous research and further solidify the concept that aerobic exercise training should be considered an effective and efficient exercise modality for combating the decline of aerobic capacity and loss of muscle mass that is characteristic of the normal aging process.
Peak aerobic power (i.e., V O 2max ) is commonly used as a measure of functional capacity in the elderly and is of clinical significance as a powerful predictor of mortality in men (33) . The age-related decline in aerobic capacity has been well described (3, 37) , but can be improved with exercise training, as shown in the present study and previously (19, 31, 43) . Loss of muscle mass may be responsible for up to 50% of the age-related reduction in aerobic capacity (13, 34, 38) ; therefore, the development of aerobic exercise prescriptions that increase both muscle mass and aerobic capacity, as in the present study, have important implications for older adults. The ϳ1 metabolic equivalent improvement observed in the OM with training may translate into a 12% improvement in survival and expanded functional reserve above the threshold for independence (ϳ5 metabolic equivalent) (26, 33) . Given the ap- parent relationship between skeletal muscle mass and aerobic capacity, surprisingly little attention has been paid to developing aerobic exercise interventions that target skeletal muscle mass.
To our knowledge, this is the first investigation to report similar amounts of muscle hypertrophy in young and older subjects in response to aerobic training. While the anabolic potential of aerobic exercise is not always appreciated, the present data are in agreement with previous reports that aerobic training induces significant whole muscle hypertrophy in sedentary healthy individuals of various ages (19, 22, 23, 27, 29, 30, 42) . It should be noted that aerobic exercise-induced muscle hypertrophy is not specific to cycling exercise, as Schwartz and colleagues (42) originally reported thigh muscle hypertrophy in OM following a walk/jog program. The observed muscle hypertrophy appears to be driven primarily by an increase in slow (MHC I) muscle fiber size, which is consistent with previous research examining young and older subjects after aerobic training programs Ͻ6 mo in duration (15, 19) . Long-duration (Ͼ6 mo) training studies and cross-sectional analysis of aerobically trained athletes support the potential for aerobic exercise to induce fast (MHC IIa) muscle fiber hypertrophy (7, 17) . The gains in muscle mass following chronically performed aerobic exercise are supported by a growing body of literature showing that aerobic exercise acutely (10, 18, 20, 32, 44) and chronically (36, 45) elevates muscle protein synthesis in young and older individuals. These findings are particularly important for older individuals, as a single-mode (i.e., cycle ergometry) exercise program utilized in the present study increased muscle mass and improved aerobic capacity, which are two primary risk factors associated with the negative health consequences of aging.
The exercise program in the present investigation set exercise intensity as a function of aerobic capacity, such that both Values are means Ϯ SE in percent; n, no. of subjects. †P Ͻ 0.05, main effect for time.
groups exercised at the same relative intensity. Maximal aerobic capacity and peak workload were ϳ50% lower in the OM; therefore, the accumulated mechanical work performed during the 12-wk training program was twofold higher in the YM. Despite the drastic differences in total work performed, both groups exhibited similar amounts of absolute quadriceps muscle hypertrophy (ϳ50 cm 3 ). These data imply that the OM were more efficient at translating work performed into muscle mass accretion. An explanation for this is not readily apparent, but may be related to differences in tension placed on the muscle during training, although exercise intensity was relatively equivalent. Cycle exercise performed at 75% aerobic capacity, similar to the exercise intensity performed in the present study, corresponds to 38% of maximal dynamic muscle force (40) . On average, the OM exercised at a lower cycling cadence (i.e., RPM) compared with the young (81 vs. 70 RPM), suggesting that the relative tension on the muscle for each contraction was greater in the older subjects at the same relative exercise intensity (39) . Over the 12-wk duration of the training program, the lower pedal frequency resulted in ϳ19,000 less muscle contractions performed by the OM. Additionally, structural differences in tendon and connective tissue in older individuals (5) may influence the efficiency of force transmission from the muscle, resulting in a greater muscle force production to achieve the same relative external force output. Collectively, these factors may contribute to the observation that the OM appeared to be more efficient at translating mechanical work output into muscle hypertrophy.
Adaptations at the myofiber level in response to the aerobic exercise program were more prevalent in the OM as highlighted by increases in both MHC I and IIa power accompanied with the preservation of myofiber force. The improvement in MHC IIa myofiber power is particularly relevant due to their superior functional performance and is unique to the OM, as our laboratory has previously shown that increases in myofiber power with aerobic training are limited to MHC I fibers in older women (19) , identifying a potential sex-based fiber-typespecific adaptation in older individuals. For comparison, resistance training improves slow and fast myofiber power in both YM (53) and OM (51) , suggesting that the improvements in MHC IIa function with aerobic training in the present study are age dependent. The preservation of myofiber force production with aerobic training in the OM is consistent with a crosssectional investigation, suggesting that aerobic training maintains myofiber force production with aging (8) , while the reduction in myofiber force production in YM after training is consistent with other reports of aerobically trained skeletal muscle (17) . The age-dependent adaptations in myofiber contractile function cannot be explained by differences in protein content, as the training did not measurably alter total or myofibrillar protein concentration in either cohort of men. Interestingly, muscle water content was reduced with aerobic training in both YM and OM in the present study, which is consistent with what we have observed in highly trained aerobic male athletes (unpublished observations) but in contrast to our laboratory's observations in older women (19) . The disparity between the present study and our laboratory's previous work in older women may be due to training-induced changes in muscle fiber type or MHC composition. Older women had a large increase in MHC I protein after aerobic training (28) , while the men in the present study underwent reductions in MHC IIx composition with no significant change in MHC I isoform. Because MHC I fibers contain less concentration of myosin relative to MHC IIa fibers (4), a robust fiber-type shift may result in measurable changes in myofibrillar protein at the mixed-muscle level. Collectively, these data suggest that cellular adaptations to aerobic training are age and sex dependent and highlight the need for additional work to examine the underlying basis for these adaptations.
A potential explanation for the age-dependent adaptations to aerobic training at the myofiber level is the initial, pretraining contractile profile. Four variables, MHC I normalized force, MHC I normalized power, MHC IIa P o , and MHC IIa peak power, displayed a significant interaction between the YM and OM with training. Interestingly, all four variables at least trended (P Ͻ 0.10) to be lower in the OM at the pretraining time point, and these differences were no longer evident after training (Fig. 5) . Examining the alterations in contractile function with training (Fig. 4) , in combination with the posttraining contractile profiles of the YM and OM, reveals a pattern that suggests the muscle is converging to a common level of myofiber contractile function (i.e., force and power), independent of age. This suggests that there is a defined amount of force and power production at the myofiber level that is necessary to optimally perform cycle exercise at a given relative exercise intensity. Due to the energetic demands of chronically performing aerobic exercise, strategic adaptations of the myofiber contractile parameters would likely result in a power output necessary to meet the functional demands in the most energetically efficient manner, which appears to be the case in the YM. Within a given fiber type, force production and ATP utilization are proportional to the number of cross-bridges in the strong-bound state (12, 16) . Therefore, any adaptation that permits a myofiber to meet its functional demands with a lower force production, as observed in the MHC IIa fibers of the YM, would likely be associated with less energy utilization per contraction, which may be advantageous for aerobically trained skeletal muscle. Interestingly, this pattern was only evident in the YM, revealing an age-specific adaptation. Although several aspects of myofiber contractile function were lower pretraining in the OM, these data show that skeletal myofibers from OM, particularly MHC IIa fibers, retain the plasticity to adapt to the functional demands placed on them.
In summary, our findings demonstrate that a single-mode exercise program improved aerobic capacity and induced significant muscle hypertrophy in both YM and OM. Although whole body and whole muscle adaptations were relatively similar between groups, alterations in myofiber contractile function were age dependent, being more prominent and overall beneficial in the OM (Figs. 4 and 5) , highlighted by improved power and preservation of force production of both slow and fast myofibers from the OM. Combining data from the present investigation with results from our laboratory's previous studies in older women (19, 27, 28) reveals that this exercise program can elicit beneficial adaptations at the whole body, whole muscle, and muscle cell levels, particularly in older individuals, that carry important clinical implications for overall health and well-being (Fig. 6 ). Based on these findings, we propose that aerobic exercise training performed at sufficient intensity (60 -80% V O 2max ) should be considered an important aspect of the exercise recommendations for combating the decline of aerobic capacity and loss of muscle mass that occurs with the normal aging process.
